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The Potentiodynamic corrosion measuring technique is
an electrochemical analytical method which measures corrosion
rates of a metal exposed to a corrosive environment.
The corrosion characteristics of carbon steel A1044 in
aqueous solutions of aniline hydrochloride,simulating a coal
liquid wash water, were determined by this method.

The

effects of solution velocity and oxygen concentration on the
system were also determined.
A bimodal corrosion rate effect was observed in deaerated
solutions of 1000 and 5000 ppm chloride as aniline hydrochloride.

This effect was interpreted to be tne result of

the formation of a film on the surface of the specimen.
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INTRODUCTION

The United States' dependence on foreign oil supplies has
led to several energy crises which have spurred interest in
the development of an alternate energy technology.

It has

been recognized that a domestic energy supply is critical to
the United States' economy and that utilization of our coal
supplies, which comprise 27 percent of the world's known coal
(1)
reserves, is of paramount importance.
One of the areas of research in coal utilization is
the development of a synthetic liquid fuel technology.
To this effect, several multi-ton coal liquefaction plants
have been constructed in the United States within the last
decade.

As with any new technology,several unexpected

problems were encountered.

One of the more serious problems

has been severe corrosion in the fractionation area of these
platns, which has been attributed to the formation of corr(2)
osive amine hydrochlorides in the process liquids.
Chloride enters the process as a minor constituent of the
(3)
feed coal.
Several corrosion prevention schemes have been suggested.
One of these is water washing of the process liquids to
(4)
remove the water soluble amine hydrochlorides.

The problel:

then becomes processing of the highly corrosive wash waters.

1

:

_

uefaction plant.
:n t I: :—.,

irrosion characteristics of

steel in a syntetic coal Liquid wash water were detenined.
:n .order to .::haracterize a corrosion system, a corrosion
measuring technique must be utilized which will enaLle
rapid and accurate measrements.

The conventional weiEht

loss method of corrosion mcnitorinz Is too
time consuming for this type of study.

...mbersome
.
and

For these reasons,

the elec-:ro.lic-.1l potentiodynamic technique was employed.
The purpos,-

:his project was to investigate ;he 2orr3sive

properties of a synthetic coal liquid wash war
potentiodynamic method and thus .rain valuble
to

aid in the design cf wash water processin4

?7.77.ner2la: coal liquefacti:n plants.

•

•

tie
t =.n

Within the last decade several multi-ton coal
liquefaction pilot plants have been constructed in the
Thited States.

Severe ::orrosion problems have been

encountered in the fractionation area of these plants
which is uncommon in petroleum refinement systems. severe
corrosion

ccured in the fractionation area of botn solvent

refined coal ,SES-l; plants in .
.;ilsonville, Alabama, and
Fort Lewis, Washington.

Corrosion rates exceeding

1000 mils per year were detected by means o)f resistance
type corrosion probes within narrow rezions of the
atmospheric

tower at the Wilsonville plant.

:ne 77.1 1

-7t.lent to 0.:01 inch per year.

'orros'on

severe that the tower was deco--4 si0ned
months of oreratin.

:perators

v-ht refneo coa,

s

2 7

o.4.ant in

Aiabama,identif'..d chIt Inc 'n the feed coal
(3
as the corrosive component.
They als: found that
additions of sodium carbonate to the feed coal could reduce
corrosion to acceptable levels; however, this tecnnique
is not directly a
('n
reasons.

icable to 0,:mmerciai plants for several

First, it is neither practical nor economical

to add the amount of sodium carbonate required for a
commercial plant.

Second, nigh sodium cantainin,7 cm o—nds

4
cannot be fed to existing

asifiers that produce the hydrogen

required for the process.

Thus, another solution to the

problem needs to be determined.
Since chloride was identified as the corrosive component
of the system, several questions concerning the nature and
(4)
pathway of the chloride needed to be answered.
1. What is the chemical form of the corrosive chlorides?
2. What is the pathway of the chloride through the
distillation area?

3. Why does corrosion occur exclusively in the last
tower of the distillation process rather than in
some previous vessel?
4. Why is corrosion localized in certain areas of the
tower?

5. What problems are encountered in implementing steps
to reduce the corrosion?
It was first thought that the chemical form of the chlorith
was a naphthenic acid compound which has been found to cause
corrosion in petroleum refinement.

Subsequent investigations

indicated that this was not a likely mechanism.(6)

Analysis

of samples from the Wilsonville SRC-I plant revealed that
the major portion of chloride was in a water-soluble form.(9)
The pathway of the corrosive chlorides in the Wilsonville
SRC-I plant was eluciaatea from chemical analysis of samples
taken at various points from the process stream.(7)

Figure

1 is a schematic illustrating portions of the SRC-I process.
The general pathway was found to be as follows.

Chloride

enters the process as a minor component of the feea coal.

The
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chloride is concentrated in the uissolver, due to retention
In the process solvent, to a high steaciy-

chloride

The process liquids leaving tne dissolver

concentration.

are separated in a high pressure separator, then exit in
two streams: overhead and bottoms.

The cverhead stream from

the separator is cooled and allowed to settle in a storage
vessel into organic and aqueous phases, the latter cf which
contains the water soluble chlorides.

The chloride from the

overhead is removed from the process at this point.

The

ma:ority of the chloride, however, exits the separator in the
bottoms stream.

This stream is fed into the vacuum distil-

lation tower T-102 where it is separated into chloridecontaining solids and liquids.

The chloride-containing

solids leave the process at this point.

The chloride-contain-

int-, distillate stream from T-102 is then fed into the atmospheric
distillation tower T-105 via the V-106 storage vessel.
It was in the T-105 tower that corrosion was found to be
most severe.

One might wonder why the vacuum distillation

tower and other vessels in the process prior to T-10=o did
not have corrosion problems, since the process stream in
these vessels also contained the corrosive chlorides.

An

explanation for this can be found in the solubility of the
(2)
chlorides in the various process streams.
It was determined by chemical analysis of samples th:it
the SRC-I pilot plant liquids were composed of acidic,
basic, and neutral fractions.

The acidic fraction was

composed mainly of phenols and the basic fraction of various
amines.

Laboratory experiments revealed a synergistic effect

7
of the chlorides, phenols, and aminf-2s which enhanced and
( 2)
localized corrosicn in the T-105 tower.

The water

soluble chloride was found to be highly corrosive when present
wIth basic nitrogen-containing compounds but fairly dncorrr.)sive when

these compounds were not present.

It was

determined that the corrosivity was due to amine hydrochlorides which formed in a reaction with water soluble chlorides
and amines.

Furthermore, the phenolic fraction provided a

more polar solvent for the amine hydrochlerides and therefore retained them In solution.

In the absence of phenols,

the amine hydrochlorides distill out of solution.

This

synergistic effect provides a mechanism for concentration
of the corrosive amine hydrochlorides in localized regions
of the process.

An equilibrium is eventually reached in

the fractionation tower where the amine hydrochlorides are
sufficiently soluble in the process liquid to accumulate in
high concentrations.(7)

It is at these equilibrium regicns

that corrosion was most severe.

This mechanism provides a

role for inorganic chloride, basic nitrogen compounds,
phenols, and temperature in the localized corrosion.
Analysis of Wilsonville SEC-I liquids and laboratory
experiments revealed that the corrosion was a chemical reaction
with chloride rather than catalytic.")

Laboratory corrosion

rates of steel coupons immersed in the plant liquids in a
closed system showed that corrosion decreases with time
through a stochiometric consumption of chloride.

The data

also implied a product formation of ferrous chloride, FeC12.

U

Attempts to Allevaite Corrosion Problems
Several corrosion prevention schen.es have beel, surc7est0,1
which are composed primarily of either l) preventir,,7
tration build up of chloride in the affected arca
changing the chlorides to a less corrosive form or
more corrosion resistnat alloys.(4)

usinr

It is probable that 1

combination of these will eventually be implemented.

baoh

scheme has advantages and disadvantages when thu overall
process is considered.

As was mentioned previously, additione

of sodium carbonate to the feed coal would effectively prevent
buildup of chlorides by removing them from the proceo :Itream;
however,

this would not be

a viable solution in commercial

plants.
One of the more acceptable schemes is water waling of
the process liquids to remove the water soluble chlorides.
In the oil-water separation

or the high pressure separator

overheads most of the corrosive chlorides were removed from
the process in the aqueous phase, thus sug„:,estine: that water
washing of the process stream may be a solution to the problem.
Unfortunately, the bottoms of the high pressure separator
contained the major portion of the chlorides, and cooling
and reheating of the bottoms stream for water washing may not
be economical.

Furthermore, the density of the liquid is very

similar to that of water and, thus, may create seration
problems.(2)

In any event, water washing of the process liquids

seems to be at least a part
problem.

or the eventual solution to the

The water wash scheme was the impetus for an investit_:ation of corrosion in synthetic coal liquid wash waters.
Analysis of T-105 process liquids determined that the lar-zest
percentage of the

amines present were weak bases such as

(2)
pyridines, quinolines, and anilines.

Aniline hydrochloride

was chosen for a synthetic wash water system since it is
representative of those amine hydrochlorides expected to be
present in the wash waters.')

Weight loss corrosion

experiments were performed in 1000 ppm aqueous chloride
solutions of aniline hydrochloride at boiling and room
(4)
temperatures.

Initial corrosion rates of carbon steel in

the boiling solution approached 10,000 mils per year and then
tapered off to background levels.

Corrosion in the room

temperature solution was still above acceptable levels, thus
indicating the highly corrosive nature of the solution.
Results of experiments conducted to determine the response
of other alloys to the aniline hydrochloride solution are
shown in Figure ,

L,)

The stainless steels appeared to be

much more corrosion resistant than carbon steel during the
time interval of the tests;and,thus, the use of these
materials to combat corrosion in the affected areas is
promising.

An in-depth investigation of corrosion in aqueous

solutions of aniline hydrochloride would yield valuable
Information to the design of wash water areas of commercial
plants.

Potentiodynamic Technique for Measuring Corrosion Rates
The potentiodynamic technique was utilized for corrosion
measurements in the aqueous aniline hydrochloride system

1C;

5% Cr
60

0
40 -}

20

0
0

L0_6_0
0

0 410 Stainless

5

tO

304 Stainless
15

Average time Oirs)
Figure 2. Alloy response in 1000 ppm aqueous aniline
hydrochloride at boiling point.(4)
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since it is a more rapid technique than the conventional
weight loss method and measures instantaneous, as opposed
to average, corrosion rates.

In addition, the potentio-

dynamic method is capable of measuring extremely low corrosion
rates which would require days or weeks to measure by weight
loss.(1°)

Any explanation of the potentiodynamic technique

should be prefaced by a general description of corrosion
processes--in particular, corrosion processes which occur
In aerated and deaerated acidic aqueous solutions, since these
are representative of the aniline hydrochloride system.
Corrosion of metals proceeds by the following reaction with
hydrogen ions in the solution:
+
2 M

Electrons are transferred from the metal directly to the
hydrogen ion via the metallic phase.

The site of metal ion

expulsion is the anodic site and the site of hydrogen evolution
is the cathodic site.

The anode refers to the site at which

net oxidation occars,and the cathode is the site at which net
reduction occurs.

These sites on the metal surface may be

separated by a few atom diameters producing uniform corrosion
(11)
or by greater distances causing non-uniform corrosion.
In addition to reaction with hydrogen ions, dissolved oxygen
can enhance corrosion in acidic solutions as shown by the
following reaction.
4 1.1

+

.

2

+

4

4 11+

+

2 h 0
2

12
A representation of the two oxidation-reduction processes
5.(11)
can be seen in Figure Obviously, a combination of the two processes will cause
more corrosion than either one occurring independently.

The

net reactions of iron corroding in an acid aqueous solution in
the presence of oxygen can be described by the following
reactions.
Oxidation of Iron

Fe—) Fe

Reduction of hydrogen Ions

.+
2h + 2e

Net Reaction

Fe

+

Oxidation of Iron

Fe

—4

Reduction of Oxygen

202
1
/

+

Net Reaction

+

- ee

--4 Ii2

2H

+

2+

+
Fe

—4

Fe2+ +.

2+

+
2H

+

O2 + 2H+

Fe

+

Both reactions occur simultaneously on the surface of the
metal.

The Gibbs free energy change for the reactions

proceeding in the illustrated direction is negative at all
values of ph.(11)

Thus, iron corrodes in an acidic aqueous

environment.
The rate at which these reactions proceed is dependent
on several variables.
1. The concentrations of reactants and products in
the solution.
2. The diffusion rate of species to and from the metal
surface.
3. The presence of complexing agents in the solution which
may stabilize metal ions.
4. The relative size and positions of local cathodes
and anodes.

13

5. The formation of a protective barrier on the metal
surface.
6. The temperature of the system.
The effect of most of these variables on the aniline
hydrochloride system will be addressed in the Results and
Discussion section.
Around 1890, at the Royal Institute, M. Faraday laid
the groundwork for electrochemistry by formulating the
laws.(12)

following
1.

The amount of chemical decomposition produced by
a current is proportional to the quantity of
electricity passed.

2.

The amounts of different substances deposited or
dissolved by a given quantity of electricity are
proportional to their chemical equivalent weights.

Furthermore, Faraday determined the amount of electricity
corresponding to one mole of electrons.

This amount, called

the Faraday constant, is equal to 96,487 coulombs per mole.
These results allow calculation of metal dissolution rates
in an electrochemical cell with a known amount of current
flowing through it.
Faraday also found that half-cell potentials of an
electrochemical cell deviated from their equilibrium
potentials when current was allowed to flow through the
(11)
cell.

An example of this effect is illustrated in

Figure 4.

When the two cells are electrically isolated from

each

other, each electrode assumes its equilibrium potential.

If the two cells are shorted by means of a conductor, current
flows from the zinc electrode to the platinum electrode,

14

3aseous Environment
Deaerated

H
A

2

Aerated

ALTeo s Environment
H M
+ +
M H

+ +
H M
1I

I1
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e

1 )
Le]

Lei

r
k•e--1
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Figure 3. Oxidation-reduction reactions of a metal
Immersed in aerated and deaerated aqueous
environments.

H
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+

= unit activity

2N

+
H = unit activOt,.

Fi7ure 4. Electrochemical cell.

H) gas
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polarizing each to values other than their equilibrium
potentials.

Thus, polarization is the displacement of
The degree

electrode potential resflting from a net current.

of polarization is measured in terms of overvoltage, frequently
abbreviated as n, and is the displacement of potential
relative to the equilibrium potential of the isolated halfcell.
Electrochemical polarization is composed mainly of two
types: activation polarization and concentration polarization.(13)

Activation polarization occurs when the electro-

chemical reaction is controlled by a slow step in the reaction
sequence,and concentration polarization occurs when the
reaction is controlled by diffusion of reacting species to
the metal.

(14)
proposed an equation which
In 1904, J. Tafel

described overvoltage as a function of applied current for
electrochemical reactions exhibiting activation polarization.
Tafel found that the activation polarization for various
electrode reactions could be expressed in the form n = A +
Blogi, where A and B are constants and i is the current In
amps.
Subsequent work by Stearn and 3eary(1)) determined the
form of the Tafel equation to be ri = ±alOg 7—, where fs is the
Tafel constant, i is the current, and io is the exchange
current density.

logi + 8 logio representing cathodic polarization and

n =
n =

This equation can be written as

a

logi

—8

logio representing anodic polarization.

It

can be seen that the preceding equations are of the form
mx + b;and,thus, a plot of overvoltage (n)

versus logi

will yield a .-1,
- raight line with slope f5.

In actual practice,

the overvoltage curve is nonlinear within ±
- u0 mV of the
equilibrium potential but becomes linear at higher polarization voltages in a region called the Tafel region.
Tafel constant,

represents

The

.3 RT/anF,

the expression

where n is the number of electrons transferred in the reaction,
R is the gas constant, T is temperature in °K, F is the
Faraday constant, and a is a symmetry coefficient defining
the shape of the energy activation barrier.

Extrapolation

of the Tafel region for both anodic and cathodic polarization
curves to the equilibrium potential defines the current at
which oxidation and reduction reactions are equal.

This

current represents the equilibrium exchange current density.
According to the mixed potential theory developed by
(16)
Wagner and Traud
in 1936, any electrochemical reaction
can be divided Into two or more partial oxidation and reduction
reactions.

Furthermore, there can be no net accumulation of

charge during an electrochemical reaction.

The mixed potential

theory can best be described by the case of a mixed eleztrode
system, where a metal is in contact with two or more oxidation-reduction reactions.
The case of iron corroding in an acidic solution is
illustrated in Figure 5.

- /H+ and
The two half-cells, ii)

Fe/Fe -2+, each exhibit an equilibrium potential and exchange
current density as indicated in the Figure by
and EFe/Fe2+

, 10Fe/Fe24-

,

When the two cells are

shorted, as when iron is immersed in an acidic solution,
the potential of the iron stabilizes at a point between the

w
It

Potential with respect

E H
eq 2
E
corr
rA
E Fe/F
eci

As
e

V
Fe/Fe

2+
Corr
Log of current (Amps)

Figure 5. Potentiodynamic diagram for Iron exposed to an acidic solution.
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two half-cell equilitrium ptentials.

This potential is

called the corrosion potential and 13 usually represented
b y Ecorr*

The point at which oxidation and reduction reactions

are equal defines the corrosion current,

corr'

thus satis-

fying the second postulate of the mixed potential theory
which states that there can be no net accumulation of charge
during an electrochemical reaction.
A po_Lrization experiment of iron immersed in an acidic
solution would reveal only the iron dissolution and hydrogen
evolution reactions.

Extrapolation of the Tafel regions in

both anodic and cathodic polarization curves to the corrosion
potential defines the corrosion current from which a corrosion rate in mils per year can be calculated.

The Figure

represents an oversimplification of most systems.

Any number

of oxidation-reduction reactions can occur depending on the
system, which can complicate the interpretation of the
(17)
data.
Tafel extrapolation is the basis for potentiodynamic
corrosion rate determinations.

A schematic for the instru-

mentation used when making potentiodynamic corrosion measurements is shown in Figure 6.

The metal sample or specimen is

termed the working electrode,and currents are supplied to it
by means of one or more platinum auxiliary electrodes.
Platinum is used since it is relatively Inert.

The potential

of the working electrode is measured with respect to a
reference electrode enclosed in a Luggin capillary probe.
The Luggin probe reduces the resistance between the reference
and working electrodes.

In the case of cathodic polarization,

19

Variable
Resistor

—

Battery

Luggin
Frobe

"4.

Test

Figure 6.

Reference
Electrode

Instrumentation schematic for potentiodynamic
corrosion rate measurements.
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the potential of the working .Js.lectrode is decreased incrementally by means of an externally applied current.

Both

the potential of the working electrode and the current
required to maintain that potential at each increment is
measured.

In anodic polarization, the potential of the

working electrode is increased with respect to the equilibrium potential.

The resulting curve from anodic and cathodic

polarization is shown in Figure 7.

The curves are nonlinear

in the region ±60 mV from the equilibrium potential, but
become linear in the Tafel region.

Extrapolation of the Tafel

regions to the equilibrium potential defines the equilibrium
exchange current density.
It is not uncommon to observe deviation from linearity
at the high currents, particularly in the cathodic polari(17)
zation curves.

This deviation is shown in the Figure

and is due to concentration polarization.

Concentration

polarization is often exhibited by the cathodic reaction
where, during high reaction rates, as in the case of a high
applied current density, the concentration of the reacting
species is depleted near the surface of the metal.(17)

The

current at which the reaction becomes concentration limited
Is termed the limiting diffusion current and is defined by
DnFCB
, where D is the diffusion
the equation, iL =
coefficient of the reacting species in the solution, n is
the number of electrons transferred, CB is the bulk solution
concentration of the species, F is the Faraday constant, and
CI is the thickness of the double layer of ions on the surface
of the polarized electrode.

In the case of an electrode

0

0

Potential with respect

0

Concentration
Polarization

f

Cathodic

1

41

1

i
corr
Log of current (Amps)
Ficure 7. Example of anodic and cathodic polarizati
on curves from potentiodynamic
corrosion rate measurements.
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exhibiting only concentration polarization, the relationship
between overvoltage and tne limiting current is represented
ty n c = 2.3

RT
HT
,

- TE).

The anodic reaction is very

rarely diffusion limited ana,therefore, the overvoltage
expression as a function of current is the same as for activation polarization, n =

a lot,-;1 To- •

There exists a linear

relationship between concentration of the reacting species
near the metal surface and the diffusion limiting current.
Increasing the bulk concentration of reacting species will
increase the diffusion limiting current.
An example of concentration polarization in the
cathodic reduction of hydrogen can be seen in Figure

6.

As the current approaches the limiting current the polarization becomes very large.

Increasing bulk concentrations

or increasing solution velocity will cause the limiting
current to shift to higher values.

In many cases, what one

sets in the cathodic polarization curve is a combination of
both activation and concentration polarization, which can
make interpretation of the data much more difficult.

In

the case of the combined processes, the equation for dependence
of overvoltage on the current would be
i (11)
RT
n = -a-log--+ 2.3
log(1 - T7
nr
io
activation

concentration

polarization

polarization

Theoretical

(millivolts)

Experimental

Anodic

••••

Potential

corr

140,1; of current density (Amps/cm ;
Figure 8.

Illustration of concentration polarization.
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Corrosion Inhibitors
An additional aspect of the aniline hydrochloride system
under investigation is the inhibiting effect of aniline.

An

inhibitor is a compound, which, when added to the environment in small concentrations, decreases or prevents corrosion
of a metal.

Inhibitors may act as passivators, precipitators,

neutralizers or adsorbants.
44.

Their function in protection

(18)
of the metal may be by:
1. formation of layers of considerable thickness.
2. formation of films by reaction with the metal.

3. surface adsorption without reaction with the metal.
Organic inhibitors such as aniline are typically
adsorption

inhibitors.(18)

The compound may adsorb by means

of pi-bond adsorption, chemisorption, electrostatic
or any combination of the three.

adsorption,

There is evidence in the

case of aniline in acidic media that the anilinium ion found
in solution is attracted to metal surfaces where it loses a
proton and is adsorbed as a neutral compound, thus forming a
protective film of the free amine.(19)
change the overall reaction

The aniline does not

but does decrease corrosion

rates by forming a barrier to diffusion of the reacting
species In the solution to the metal surface.

Thus, in a

potentiodynamic experiment, the corrosion current icorr
would shift to lower values after the addition of the inhibitor.
It has been determined that aniline and its derivatives
(lb)
are all cathodic as well as anodic inhibitors.

That is,

they form protective films on cathodic and anodic sites on
the metal surface.

The adsorption of organic films can lead
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to some interesting observations in potentiodynAmic experiments,
as will be discussed later in this thesis.
A computer literature review conducted through the last
decade failed to reveal
chloride corrosion.

any information on aniline hydro-

A limited amount of information of a

semiquantitative nature 's available from the corrosion data
(20)
survey.

EXPERIMENTAL TECHNIQUE

Due to the preliminary nature of this work, many
different experiments were performed which deviated from
any one set experimental technique.

These experiments were

designed to determine optimum conditions,and the followin
text details those conditions which were found to be the
most appropriate.

Deviations from the described technique

will be noted were appropriate.

Potentiodynamic Corrosion Technique
Instrumentation
An Electrochemoscope IIB computerized corrosion monitoring system developed by ECO Instruments, a subsidiary
of SeaData Corporation, was used in the potentiodynamic
work.

The system can be considered "state-of-the-art"

technology and is one of the best systems commercially
available.
The system consists of an ECO Instruments model 553/EPU
digital potentiostat/galvanostat with voltage and current
outputs of ±50 V and ±1 Amp,respectively.

The potentiostat

was interfaced via a RS232 interface to a Hewlett-Packard
HP-86 computer which was equipped with two HP9130A disc
drives, an HP7470A graphic plotter and an Epson MX80111 dot
matr.x printer.

The test cell was an ASTM glass cell with

two platinum counter electrodes, a saturated Calomel
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reference electrode enclosed in a Lugcin Probe, a teflon
specimen holder and a gas bubbler.
design of the test cell.)

(See Figure 9 for detailed

The software for the system was

provided by ECO Instruments and included programs for linear
polarization, cyclic polarization, and several others, as
well as the potentiodynamic program which was used for this
work.

Figure 10 illustrates data flow for the system.

The potentiostat is controlled and monitored by the
computer which can access programs and store or retrieve data
from the disc drives.

During a scan the data is temporarily

stored in the computer and permanently stored on a disc
after a scan.

This data can then be retrieved and processed

by the computer and printed out in hard copy by the printer
and plotter.
Specimen preparation
A flat sheet of carbon steel M1044 with an approximate
thickness of 4 ram was cut square and turned on a lathe to
a flat circular specimen with a diameter of 11.34 mm.
Table 1 for composition of M1044 steel.(21)

See

A steel sheet

metal screw was soldered to one face of the specimen.

The

assembly was then cold -mounted in epoxy resin with the
screw protruding through the resin and the opposite face of
the specimen exposed.

The similar composition cf the specimen

and the screw would prevent a galvanic coupling effect between
the two.
The specimen was prepared by grinding the exposed face
with 400 then LOU R.rit silicon carbide paper, washinci, with
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Reference Electrode
Working Electrode

Gas Bubbler
1

Counter Electrode

Counter Electrode

•

Luggin Prot

Specimen

-----)S\Specimen Holder

Figure 9. Electrochemical test cell.

Printer
Plotter

Electrochemical
Test cell

Potentiostat

nit

<

Computer

Disc Drives

Figure 10. Flow diagram for computer controlled potentiodynamic corrosion
testing system.
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Table 1.

Composition of Carbon Steel M 1344.

Manganese

Carbon
3.43-0.50

0.60-0.90

;
.
0 Phosphorus
0.04 max

Sulfr
0.50 max

Balance - Iron

deionized distilled water (DD water),and swabbing with
methanol.

The specimen was immediately placed in the teflon

holder, and continuity between it and the external connection
was verified prior to immersion into the test solution.

The

same specimen was used for successive experiments and was
prepared by this procedure each time prior to the experiment.

Solution preparation
Solutions were prepared on a weight-to-weight basis
from reagent grade aniline hydrochloride and DE water.

An

Insoluble impurity, probably produced by oxidation of aniline,
had to be removed from the solutions by filtration prior to
use.

All solutions were used within

preparation.

3 to 4 days after

In some experiments solid aniline hydrochloride

was added directly to the cell; in this case the impurity
was present during the experiment.
or ric,t the frity

zf!'•

Jt

It was not clear whether
since particles of

the impurity had a tendency to collect on the surface of
the specimen.
For air-free experiments the solutions were prepared by
two methods:
1. In situ deaeration by bubbling ultra high purity
nitrogen through the solution overnight while agitating.
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Bubbling nitlen through toil.e

water before

preparing a solution which was filtered directly into
It is probable that both methods were
tTlve

rtme lho oxy -

LI

ne cell.

'

000t..- ex, eririt..=nto

oh

Ihut 1-_he

concentration of oxygen in the solution after several hours
of bubbling was less than 0.05 ppm, the lower threshold of
the oxygen detector.

Actual concentrations may be lower.

Nitrogen was bubbled continuously through the solution in
the cell during the air-free experiments.

In aerated

experiments, where the solution was exposed to the atmosphere,
oxygen concentration was found to be about 10

ppm.(22)

Resistance measurements
Solution resistance measurements were made using an
AC signal generator to impose an AC current between the
working and reference electrodes and an oscilloscope to
measure the phase change between the two input signals from
the reference electrode and the generator.

A high impedance

voltage follower was used on the reference output to compensate for high resistance solutions.
Prior to a measurement, stirring was stopped and the
system allowed to equilibrate for about two minutes.

This

was found tc be necessary since noise, due to the stirrer and
solution agitation, prevented accurate measurements.
A schematic of the diagram is shown in Figure 11.
After all components were powered, both channels of the
oscilloscope were zeroed before a measurement was made.

The

AC signal on channel 1 was then adjusted so that the maximum
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10.
Signal
Oenerator

kO Resistor

Output

Cind.

Voltmeter

Input'

Gn

//Oscilloscope

1
On d

3no.L7-.

Voltage Follower

Figure 11. Wiring diagram for resistance measurements.
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was in the center of the scope scale.

The reference electrode

signal on channel 2 was slightly out of phase with the
generator signal. (see Figure 12 for details.)

The in-phase

component of the reference electrode sinal is proportional
We assumed that the current through

to the resistance.(23)

the cell is in phase with the generator's voltage since the
cell impedance was usually much lower than 10 ki2.

As the

frequency was adjusted from low values (100 Hz) to high
values (20 kHz) the reference electrode signal would begin
high in amplitude, decrease to a minimum over a certain
range, and then increase again as a result of stray capacitances.

A frequency in the middle of the minimum range was

chosen since it best represents the effects of the interresistance.(23)
Erroneous results were obtained
electrode
If frequencies very far above or below this range were usea.
This frequency was found to be 1 kHz for high concentration
solutions (ca. 1000 ppm) and about 10 kHz for low concentrations (ca. 100 ppm).
The effective voltage (Veff) of the AC signal from the
generator was set at about 7 volts and the in-phase component
of the reference signal (Vr) was measured on the oscilloscope.
Solution resistance was then calculated as follows:
f
V

eff

Solution Resistance (CO

x/7/10410Q.

It is assumed that the resistance is due to the liquid only
and does not change during the course of an experiment.

This

assumptiun may be invalid at high anodic current densities
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I

3enerator
max

\ Reference Electrode
Signal

Figure 12. Phase shift due to solution resistance.

as changes in the surface of the specimen may alter the
interelectrode resistance.
Typical solution resistance was in the order of two
to three ohms.

Accuracy of the Vf measurement was about

±0.5 my and therefore resistance was measured to within
about ±0.5f2.

Resistance measurements were made at appropriate

intervals during an experimental series.

Potentiodynamic scans
Approximateld 500 ml of test solution was placed in the
electrochemical cell.

The solution was agitated with a

magnetic stirrer,and all scans except those taken
solutions were agitated at about the same rate.
velocities are not known.
temperature (23±1°C).

in static
Exact

All scans were made at room

The specimen was inserted into the

teflon holder and placed in the solution at time to.

The

solution and specimen were allowed to equilibrate for 20
minutes to 2 hours prior to running a scan.

The potentiodynamic
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program instructed the

otentiostat to increase or decrease

voltage, depending on whether the scan was anodic or cathodic,
between the counter and working electrodes in 10 mV increments
at a rate of 130 0V/sec.

The computer reported the average

of several sampled values taken at each 10 mV increment.
After the scan had reached the upper voltage level the system
was allowed to return to its open electrode potential
and the data processed and displayed.

(Ecorr)

The data '4el.e

'-teu

and, after the solution resistance was entered into the
computer, another plot using the corrected voltages was drawn
thus giving both solution resistance corrected and uncorrected
curves for comparison.

The corrected voltages were calculated

as follows:
E

= E
corrected

uncorrected

R x

R = Solution Resistance
= Current
A series of scans could he run for a single solution in this
manner.

The linear or Tafel region of the corrected curve,

if observed, was extrapolated to E
givini, the corrosion
corr
current I

corr*

Corrosion rate in mils per year (MPY) was then

calculated with the following equation:
1

corr( A)
A x 2.177

A = Coupon Area (cm)
- MPY; where,
2.177 is a convqrsion constant
assuming
converting A/c:ri to MPY
pure iron and Fe --___3•Fe + + 2e-
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Weight Loss Measurements
Coupon preparation
Rectangular specimens of carbon steel

1044, obtained

from the same lot as the electrochemical specimen, were
polished with 400, then 600, grit silicon carbide paper, then
washed with DD water and finally swabbed with methanol.

For

area calculations, coupon dimensions were measured to within
t0.1 mm.

Coupon area was calculated as follows:

2(LW) + 2(LT) + 2(WT) + 27(RT) - 271R2 = Area
L = Length W = Width T = Thickness R = Role radius
A hole was drilled in the coupon so that the specimen could
be suspended in the test solution.
same day of preparation.

Coupons were used the

The same coupons were used repeatedly

after repreparation.
Experimental technique and conditions
Approximately 500 ml of test solution, prepared the same
as potentiodynamic solutions,wet placed in standard weight
loss jars (1 quart mason jars) equipped with glass hangers
for suspending the test coupons.
contact with the air.
not determined.

The liquid was in constant

Exact volumes of test solution were

The solutions were either static during the

weight loss measurements or agitated with magnetic stirrers
at two rates of agitation: slowl:, stirred and fast stirred.
Exact stirring velocities are not known.
performed at room temperature (23 ± 1°C).

Experiments were
,:oupons were weighed

to the nearest 0.1 mg before placing them in the test
0
solution at time t and removing them at time t.

The coupons

were rinsed with DD water, washed with methanol, and placed
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in an ultrasonic methanol bath until further sonication
removed no more corrosion products.

Coupons were then

reweighed and the wei ht loss calculated.

Duplicate coupons

were used in each flask and the average weight loss reported.
The corrosion rate in MPY was calculated as follows.

Weight Loss (mg)

x (6.3 x 10-7) = MPY

Coupon Area (cm-) x Time (t-to)

-7 is a conversion factor converting
The number 6.3 x 10
2
mg/cm sec to MPY assuming pure iron and Fe

Fe

2+

+ 2e-.

.3 3

HESULTS AND DCSIJN

Corrosion rates of carbon steel. M1044 were determined
in aqueous solutions of aniline hydrochloride, varying in
concentration from 6.002o M to 0.1410 M, by the potentiodynamic and weight loss corrosion measuring techniques at
various rates of agitation and oxygen concentrations.

Weight Loss Corrosion Measurements
Plots of corrosion rate versus coupon exposure time
for the weight loss measurements had a tendency to fluctuate
markedly in the first few hours before leveling out to a
fairly linear region.

A typical example of this effect can

be seen in Figure 13 where corrosion rate is plotted versus
average time of immersion for carbon steel M1044 in an agitated
aqueous solution containing 500 ppm chloride as aniline
hydrochloride.

Average time means that the point is placed

on the x axis at the middle of the time interval.

This

procedure is common in weight loss measurements since the
total corrosion over a time interval is measured rather than
rates at each time.

Corrosion rates obtained from weight

loss data are not very accurate and may deviate ±50 MFY from
the average rate.
The average corrosion rates after the first five hours
of carbon steel M1044 immersion in aerated solutions of
various concentrations of aniline hydrochloride at three
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itateu

360
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320
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280
0

o

0

•
•
•
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0

0
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Averae Time (hrs)
Fiure 13. .;ei:nt loss corrosion rate versus time for a )JOppm chloriue
.aerated aqueous solution.

LO
rates r:f agitation are listed in Tabl
expressed as ppm chloride.
sentation of this data.

2

Concentration is

Figure 14 is a graphical repre-

It is clear from the graph that

corrosion is dependent on the rate of agitation.

Static

solutions Five the lowest rates and fast agitated solutions
give the highest.
mediate.

The slowly agitated solutions are inter-

This effect is observed in corrosion systems when

corrosion is limited by the rate of diffusion of a reacting
(11)
species in the solution to the surface of the metal.
By increasing solution velocity an increase in transport
.1_

occurs and

reacting species can be termed a limiting diffusion species.
In many corrosion systems open to the atmosphere,the
rate of corrosion is dependent on the concentration of oxygen
in the system.

In these systems oxygen acts as a limiting

diffusion species.

Increasing the concentration of oxygen

In the bulk solution or in:reasing diffusion of oxygen to
the metal surface will result in higher corrosion rates.
The evidence suggests that corrosion in the aerated aniline
hydrochloride system could be oxygen diffusion limited.
Weight loss measurements in deaeratea 1000 ppn chloride
solutions show a significantly lower corrosion rate compared
to aerated solutions of the same concentration and agitation
rate.

The data are listed in Table 3.

The average corrosion

rate after five hours in aerated 1000 ppm solution is about
200 Y,PY as compared to about 50 MPY in the deaerated solution.
This result indicates that oxygen is, in a large part,
responsible for the corrosion and that lowering oxygen
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Table 2.

Weight loss corrosion rates versus concentration
of aniline hydrochloride (aerated).
Corrosion Rate (I
. 50 MPY)

Concentration
(ppm chloride)

a

Static
Solution

Agitated Slowly
Solution

Agitated Fast
Solution

ri

100

20

a

3.65

200

35

210

3.52

400

45

190

3.35

500

45

150

220

3.27

1000

60

125

205

3.13

2000

30

110

185

2.96

4000

25

Data not available.
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aerated solutions.
Figure 14. Weight loss corrosion rate versus concentration for

Table 3. Corrosion rate in aerated and deaerated 1000 ppm
aniline hydrochloride solutions.
Immersion
Time (Hrs)

Corrosion rate (MPY)
1000 ppm aerated
- - 53

2.0

235 -

5.5

Corrosion rate
1000 ppm deaerated
+
_

52 - 50

+ 50
)2 -

0

concentrations can significantly reduce corrosion.

This

behavior is typical of oxygen diffusion limited systems.
In aerated acid corrosion systems the typical corrosion
reactions involve both hydrogen ions and molecular oxygen.
In the case of iron corroding in an aqueous acidic environment in the presence of oxygen, the following overall reaction
(11)
would occur.
Fe

+

+

:h+

+

h 0
2

The dependence of corrosion rate on pH for the aniline
hydrochloride system is shown in Figure 15.

It can be seen

from the graph that corrosion rate generally decreases with
decreasing ph except for the initial increase found in the
static solutions.

The static solutions do show a decrease

at the lower pH range.

Since all measurements were taken

under the same conditions, one would expect the oxygen
concentration in all the solutions to be approximately the
same.

Although oxygen solubility in water does decrease with

increasing chloride concentration, this effect is probably
negligible in the range measured in this work.

Assuming

oxygen concentration to be the same in all solutions, the
decrease in corrosion rate with increasing hydrogen ion

250
225
0

2.00
0

Corrosion Rate

-l75
150
125
100

dFast Agitated

0

()Slowly Agitated

0
0

OStatic

75
0

50

0
0

25

as

0

37

3.6

15

3.4

3.3

12

al

3.0

Figure 15. Weight loss corrosion rate versus pH for aerated solutions.
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concentration (decreasing ph) suggests the formation of a
surface film which inhibits diffusion of reacting species
to the surface of the metal.

Other evidence presented in

this thesis supports this theory.
A passive layer or film ceuld be formed by adsorption
of aniline or anilinium ions attracted to cathodic sites on
the metal surface.

The mechanism of ion adsorption followed

by deprotonation and subsequent adsorption of the free base
has been proposed elsewhere.(19)
sorbed, a film formb ,21-1

As more molecules are adthc-

oxyen
reacting.

Conversely, expulsion of Fe

z .. .u-l'ace and
2+

ions from anodic

sites on the metal would be hampered as well.

The largest

decrease in corrosion, however, would be due to the decrease
In oxygen concentration at the metal solution interface.
The initial increase in corrosion rate with increasing
concentration observed in the static solutions does not agree
with the idea of film formation unless the diffusion of
anilinium ions to the surface of the metal is considered.
Since it is very difficult to obtain a true static solution,
due to convection created by thermal effects and by hydrogen
evolution at the metal surface, it is conceivable that in
static soluticns at low concentrations of aniline hydrochloride
the anilinium ion concentration would not be sufficient to
overcome convection effects and form a protective film.

Thus,

a critical concentration may be required for effective film
formation.

This critical concentration appears to be reached

at about 1000 ppm ,w1 inehydrochloride for the static solutions
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corresponding to an anilinium ion concentration of about
0.0235 M.

Above 1000 ppm aniline hycrechloride a surface

film is formed—or more likely, it becomes effective enough
so that corrosion rates decrease as the hydrogen ion concentration increases.

Bulk solution a6itation may increase

the effective concentration of anilinium ions at the metal
solution interface and allow film formation at lower bulk
concentrations than static solutions.

This effect was

observed in the agitated solutions.
It was useful, for comparison purposes, to determine
corrosion rates of carbon steel 41044 in aqueous solutions
of acetic acid and potssium chloride to that of eouivalent
concentrations of aniline hydrochloride.

Acetic acid was

chosen since it has a similar dissociation constant to that
of anilinium ion, 1.76 x 10-5 as compared to 2.34 x 10-5,
and would therefore produce a similar hydrogen ion concentration
and buffering effect.

The average corrosion rate after five

hours in an agitated 0.0202 M acetic acid solution was 205 ..1F7
as compared to 190 MPY for an equimolar solution of aniline
hydrochlovide, whereas

an agitated 1000 ppm solution of

potassium chloride gave a 35 MPY five hour average.

Solutions in Contact with Air
Potentiodynamic measurements were taken in solutions
identical to those for wieght loss measurements in order to
gain further insight into the mechanism of corrosion and th,_
chemistry of the system.
Potentiodynamic versus weight loss corrosion rates
taken at equivalent time intervals in 0.0262 M acetic acid
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and 1006 p;7. potassium chloride are listed in Table

Correlation between the two cechniques is shown in Figure 16.
A least squares fit of the data is described by the equation
y = 0.939 x -7.75, where y is the weight loss corrosion rate
and x is the electrochemical corrosion rate.
coefficient for the data is 0.959.

The correlation

A slope of one and a y

intercept of zero would describe a perfect fit.

A correlation

coefficient of one is a perfect correlation.
According to the Stearn and Geary treatment of Tafel
extrapolation,described in the introduction section of this
thesis, extrapolation of the Tafel regions of anodic and
cathodic overvoltage versus log of current curves should
intersect at the open circuit potential (Ecorr) and define
the corrosion current (.1 corr.), from which the corrosion rate
can be calculated.

The aniline hydrochloride system did

not demonstrate this behavior as the two curves generally
did not intersect at Ecorr but were displaced a certain
amount on the current coordinate thus defining anodic and
cathodic corrosion currents Iacorr and Iccorr,respectively.
The first 60 my of the curves were Ignored and the next
200 mV extrapolated back to the corrosion potential.

It

was found that the amount of displacement appeared to be a
linear function of the ph as will be shown later.

Due to

the disagreement between cathodic and anodic values for lcorr
the two will be described separately before they are
discussed jointly.
In almost all cases the cathodic value
better with weight loss measurements than

of Icorr correlated
vnit:L...

A

,3
‘

:iodyna:7.icversus eiht loss corrosion rates
Table 4. 7oten.
acetic acid
for aerated solutions of 0.0232
1000 ppm potassium chloride.

D.7J282 M Acetic Acid
Wei;ht Loss
Corrosion rate CliPY)

Immersion
Time Yrirs

Potentiodynami
Corrosion rate

5.6

213

205

5.9

139

235

7.c

244

19c

1000 .7 m Fotassium Chloride
2.2

63

35

3.J

64

3-

7.3

27

33

4

A'el7nt loss corrosion rate
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Potentiodynamic corrosion rate (;-1?1)
Figure i. Potentiodynamic versus weint loss corrosion rate for aerated
J.0202 4 acetic acid and 1300ppla potassium cnioride.
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comprehensive list of potentiodynamic versus weight loss
corrosion rates for agitated 1000 and 2000 pi'm anillne
hydrochloride solutions is shown in Table 5.

Data are listed

for deaerated 1000 ppm solutions, illustrating the lower
corrosion rate of the air-free system and providing points
for the low end of the corrosion rate range.
a graphical representation of the data.

Figure 17 is

Although there is a

definite correlation between the data generated by the two
methods in the aniline hydrochloride system, correlation is
not as good as that observed with acetic acid and potassium
chloride.

It should be noted that the heaviest concentration

of points appears to the right of the ideal correlation line,
thus indicating that the potentiodynamic measurements were
generally higher than the weight loss measurements.
true in almost all cases.

This was

The data from the potentiodynamic

measurements in the carbon steel-aniline hydrochloride system
are not easily interpreted.
A series of potentiodynamic experiments were performed in
which corrosion rates were determined in various concentrations
of aniline hydrochloride at static and agitated solution
velocities.

The data are listed in Table

values for the initial solutions.

6 along with 1,- h

The ph of the solution does

change with time as the specimen corrodes and hydrogen ions
are depleted, however this change appears to be negligible
over the time interval of the tests due to the large volume
of the solution (500 ml) and to the buffering effect of
2+
ions
anilinium ions. Furthermore, the concentration of Fe
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does not appear to change significantly
specimen corrodes for more than a few hours or an anodic
scan is run.

Since no more tests were performed after an

anodic scan, it is probable that the concentrations of
components in the solution remained approximately constant
over the time interval of the tests.

The open circuit

potentials (Ecorr) were measured prior to running a scan and
therefore reflect concentrations of components at that time.
Tracings of the anodic and cathodic overvoltage curves
for this series are shown in Figures 16 and 19, respectively.
The cathodic curves for static solutions of 100 to b00 ppm
chloride and the agitated 100 ppm solution all show behavior
(24)
characteristic of concentration polarization.

These

curves define limiting diffusion currents for a reacting
species in the solution.

As the concentration of aniline

hydrochloride increases, the slope of the curves become less
steep suggesting a combination of activation and concentration
polarization.

In the agitated solutions activation polari-

zation is oberved at lower concentrations than
solutions.
The relative positions of log -corr, derived from
cathodic curves, for the agitated and static solutions versus
concentration of aniline hydrochloride expressed as ppm
chloride is shown in Figure 20.
corrosion rates

Log I cathodic

and thus

in the static solutions increase up to

600 ppm then decrease, whereas

the agitated corrosion rates

begin to decrease at about 1400 ppm.

This observation is

800-÷10°°
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-5

-4

\

-3

-2

-1

0

of current density (Amps/cm2)
Figure 18. Cathodic potentiodynamic curves for aerated
solutions.
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comparable to the weight loss experiments where it was noted
that static solutions showed decreases in corrosion rates at
higher concentrations than
centration of aniline hydrochloride increases,the difference
between log I cathodic and thus corrosion rate for the two
agitation rates becomes smaller.

This suggests that the

effect of the two agitation rates on the corrosion becomes
more similar and that agitation produces a smaller effect as
the concentration of aniline hydrochloride increases.

The

formation of a surface film could explain this effect since
the film would act as a barrier to the diffusion of reacting
species to the surface of the metal and would diminish velocity
effects.

Figure 21 shows that somewhat linear relationship

between the difference in corrosion rate of the two agitation
modes versus the concentration of aniline hydrochloride expressed as ppm chloride.

This result supports the view that the

surface film becomes more effective as the concentration
increases.
There is a good linear correlation between potentiodynamically calculated and weight loss corrosion rates for the
static solutions; however, the potentiodynamic rates are
consistently higher than weight loss rates.
is illustrated in Figure 22.

This observation

There is not sufficient data

to determine a correlation between the two methods for the
agitated systems.
The variation in corrosion potential with pH for all of
the solutions listed in Table

6 is shown in Figure 23.

Corrosion potential shows a definite linear relationship to
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Figure 22. Potentiodynamic versus weight loss corrosion rates for static
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pH as can be seen in the graph.

Least squares fits of the

data for both agitated and static modes are described by
the equations, y = -80 x -356 and y = -70 x -445, respectively.
Correlation coefficients for the data are 0.998 and 0.982,
respectively.

Kelly observed similar behavior for iron in

acid sulfate solutions and interpreted it in terms of the
(25)
kinetics of the hydrogen evolution reaction.
It was mentioned earlier that cathodic and anodic
intercepts at Ecorr were displaced by an amount on the current
coordinate which appeared to be a function of pH.

The data

are listed in Table 7 and represented in Figure 24.

At low

concentrations the cathodic values for Icorr are higher than
the anodic values but the trend reverses between 400 and 000
ppm when the anodic values become higher than cathodic.

The

correlation coefficient for a least squares fit of the data
is 0.903.

An explanation for this behavior is not available

but the correlation seems to be real.
Anodic values for Icorr and the equivalent calculated
corrosion rate show good linear correlation with

A

H.

least squares fit of the data is given by the equation
y = -1.6 x +2.2 with a correlation coefficient of 0.995.
Th'..! data are illustrated in Figure 25.

The anodic values do

not show the decrease in calculated corrosion rate with
decreasing pH as was
C01%.77., ht

corrosion rate.

1_L

%. - in olic,iirited

This is wnat one might expect to see if no

passivation or film formation occurred and the rate of the
reaction was not diffusion controlled.
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Deaerated Solutions
One of the more interestin: results from the potentiodynamic experiments is the behavior of deaerated 1000 and
5000 ppm chloride solutfons.

There appears to be two modes

of corrosion corresponding to high and low corrosion rates
in these systems.

Data for the two series of experiments in

ieaerated 1000 and 5000 ppm chloride solutions are listed in
Table o.

Tracings of the 1000 ppm data are shown in Figure 26

and for the 5000 ppm data in Figure 27.

Several interesting

observations can be drawn from the data.
In the deaerated systems initial corrosion rates
calculated from cathodic scans were very low, in the order
of
run.

to 10 MPY, and remained low until an anodic scan was
After the anodic scan the calculated corrosion rates

Increased markedly to values similar to those of aerated
systems.

Furthermore, the anodic scan exhibited a transition

by suddenly breakinp-, to higher anodic currents as the upward
scanning potential reached about -20 mV versus SCE.
This transition resembles discontinuity in anodic polarization
reported by Ke1ly.(2b)

Calculated corrosion rates remained

high until the specimen was removed from the solution and
abraded with 400, followed by 600, grit silicon carbide
paper.

When the specimen was placed back into the solution,

corrosion rates calculated from cathodic scans showed a
consistent decrease with time until after a few hours corrosion
rates were similar to those observed initially.

This process

could be repeated several times with the same result for both
concentrations.

In all cases corrosion rates aid not increase

anne hydr-Lchloride

Thble 8. Deaerated 1330 and
solutions.
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until an anodic scan was run which reached voltages above
about -529 my versus SCE.

An anodic scan to voltages less

than about -520 In did not affect the calculated corrosion
rates.
The surface of the specimen remained bright and untarnished
for periods up to 16 hours in the low corrosion rate mode.
During an anodic scan the surface would tarnish quickly and
turn black when voltages exceeded about -520 mV.

In reference

to Figure 26, corresponding to a 1000 ppm solution, cathodic
and anodic overvoltage curves 1 and 3, respectiv._iy,

the

low corrosion rate mode and the atypical behavior of the
anodic scan.

Cathodic curve 2 listed in the Table but not

shown in the Figure was obtained in static 3olution.

Log I

corr

values for agitated versus static are almost the same for the
low corrosion rate mode,but the static curve showed more
concentration polarization as evidenced by a steeper slope
beginning at about -600 mV.

Curve 4 was run after an anodic

scan illustrating the high corrosion rate mode.

After the

specimen was resurfaced and replaced, corrosion rates dropped
sharply as shown by curve

5.

Curve 6,also not shown in the

figure,was run after an anodic scan which did not exceed
-520 my.

Curve 6 is practically identical to curve o.

This observation indicatesthat the high corrosion rate mode
is not induced until voltages exceed about -520 my.
Figure 27, corresponding

to a 5000 ppm solution, shows

the same behavior as the 1000 ppm solution.

Corrosion rates

begin low, sharply increase after an anodic scan, but then
return to initial rates after resurfacing the specimen.
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Introduction of more oxygen into the system by bubblintair through the solution also causes the curves to shift
to higher currents and thus higher calculated corrosion rates.
Almost immediately after air was introduced into the system
the 3I7,1=n

began to tarnish and entered the high corrosion

rate mode as evidenced py calculated corrosion rates from
cathodic scans.

This effect was observed even when an anodic

scan was not run.
It was noted that the "break" in the anodic scan could
also be observed in aerated solutions but to a lesser extent
than deaerated solutions.

Furthermore, the potential at

which the break occurred was very consistent in all concentrations of aniline hydrochloride.

The average value of the

break for several concentrations ranging from 200 to 5000 ppm
was -528 mV versus SCE with a standard deviation of 3.75 mV.
The data are listed in Table 9.

This result indicates that

a critical potential must be exceeded in order for the
corrosion rate to shift to the high rate mode.
An explanation for the behavior described above which
is consistent with weight loss observations follows.

The

formation of a surface film is dependent on the concentrations
of aniline hydrochloride and oxygen in the system.

At low

concentrations of oxygen the film fs effective in reducing
corrosion even though the system is capable of causing nigh
corrosion rates.

As oxygen concentration increases, :he

film becomes less stable and thus less effective.

Anodic

scans exceeding -520 mV versus SCE disrupt the film and alter
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Tabie 3. "Break" potential for anodic scans of vario•us
concentrations of aniline hydrochloride aerated
and deaerated).

Conc9ntration of
Aniline hydrochloride
(ppm chloride
200
2o3
425
45o
1000
1000
1030
1100
1100
2000
2300
2030
5030

E

corr

-642
-640
-631
-640
-608
-626
-651
-635
-652
-588
-595
-614
-633
-605

"Break"
Potential

-538
-533
-533
-520
-524
-520
-521
-54c
-531
-512
-525
-534
-521
-539
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the surface of the metal so that film formation does not
reoccur.

Resurfacing the specimen allows reestablishment of

the film if the solution remains aeaerated.
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CONCLUSIONS AND RECOMMENDATIONS

The application of the pctentiodynamic technique of
corrosion measuring to the study of corrosion of carbon steel
In aqueous aniline hydrochloride solutions simulating coal
liquid wash waters has revealed several beneficial conclusions.
These conclusions are directly applicable to the design of
coal liquid wash water areas of commercial coal liquefaction
plants.

Furthermore, it was found that the potentiodynamic

technique correlated with the more conventional weight loss
technique.

The conclusions derived from this study are as

follows:
1) Potentiodynamic corrosion rates calculated from cathodic
polarization experiments correlate with weight loss corrosion
rates.
2) Corrosion of carbon steel M1044 in aerated aqueous
solutions of aniline hydrochloride is velocity dependent.
3) High concentrations (i.e. 1000 ppm) of aniline hydrochloride tend to cause lower corrosion rates than low
concentrations (100 ppm).

4) Decreased corrosion rate with increasing concentration
of aniline hydrochloride can be attributed to the formation
of a surface film.
The bimodal behavior of corrosion in deaerated aniline
hydrochloride solutions should be studied in more detail.
This observation could be extended to the study of organic
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corrosion inhibitors which form surface films.

Further

investigations with the potentiodynamic technique could be
simplified by the use of a rotating disc electrode which
would reduce the effect of diffusion and thus reduce ccn—
centration polarization.

This would
c'il.ves.

the a,._:'„ivati(Al
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